Study Design. Retrospective review of prospective multicenter database. Objective. Use predictive modeling to identify patient characteristics, radiographic, and surgical variables that predict reaching an outcome threshold of suboptimal cervical alignment after adult spinal deformity (ASD) surgery. Summary of Background Data. Cervical deformity (CD) after ASD correction has been defined with the following criteria: T1S-CL>20-, C2-C7 SVA>40 mm, and/or C2-C7 kyphosis >10-. While studies have analyzed CD predictors, few have defined and identified predictors of optimal cervical alignment after thoracolumbar surgery. Methods. Inclusion criteria were surgical ASD patients with baseline and 2-year follow-up. Postoperative cervical alignment (CA) and malalignment (nonCA) at 2 years was defined with the following radiographic criteria: 0-T1S-CL 20-, 0 mm C2-C7 SVA 40 mm, or C2-C7 lordosis >0-. Three thresholds classifying malalignment were defined: (T1) missing 1 criterion, (T2) missing 2 criteria, (T3) missing 3 criteria. Multivariable logistic stepwise regression models with bootstrap resampling procedure were performed for demographic, surgical, and radiographic variables. The model was validated with receiver operative characteristic and area under the curve. Results. Two hundred twenty-five surgical ASD patients were included. At 2 years 208 patients (92.4%) were grouped as CA in T3, while 17 (7.6%) were nonCA. Patients were similar in age (CA: 56.10 vs. nonCA: 55.78 years, P ¼ 0. Conclusion. This study created a statistical model that predicts poor 2-year postoperative cervical malalignment in ASD patients. T3 (patients not meeting all three alignment criteria) was the most effective threshold for modeling nonCA, and included increased baseline C2-T3 angle and increased SmithPeterson osteotomies during index.
I
nvestigations into spinal deformities have honed in on sagittal spinal alignment parameters as indicators of postoperative patient improvement. [1] [2] [3] Measures of alignment have been proposed and validated among adult spinal deformities (ASD), incorporating global and regional parameters, such as pelvic tilt (PT), sagittal vertical axis (SVA), and truncal inclination (T1-SPI). These in turn have been correlated with changes in patient-reported outcomes and postoperative alignment. 2 The interdependence of these regions and measurements is termed ''reciprocal changes'' and have been noted in neighboring spine regions postoperatively; 4, 5 Lafage et al, 6 for instance, presented significant alignment changes in LL and TK in unfused segments after lumbar pedicle subtraction osteotomy (PSO), potentially negating the utility of the procedure, from an alignment perspective. Comparable analyses have only recently begun to incorporate discussion of cervical spine susceptibility to reciprocal changes after ASD correction.
In quantifying reciprocal changes in cervical alignment after thoracolumbar deformity correction, Ha et al 4 noted correlations between preoperative spinopelvic parameters (C2-7 angle, T1 slope, PT, and C7-SVA) and postoperative cervical lordosis. Expanding on these results, Passias et al 7 studied the onset of cervical deformity (CD) in ASD surgical patients, defining CD according to following radiographic parameters: T1 slope minus cervical lordosis >208, C2-C7 sagittal vertical axis >40 mm, or C2-C7 kyphosis >108. These authors reported that 47.7% of patients exhibiting baseline cervical alignment developed new onset postoperative CD after ASD correction. Additionally, Oh et al 8 identified persistent increased cervical lordosis in patients receiving an osteotomy for thoracic deformity correction, suggestive of possible postoperative worsening of cervical malalignment. In another study of ASD correction patients, Passias et al 9 reported that patients with sagittal spinal malalignment associated with significant cervical compensatory lordosis were at increased risk of realignment failure at 2-year follow-up.
The variations in the results of these analyses suggest the need for a more comprehensive and global definition of preand postoperative cervical alignment and deformity. The utility in implementing predictive models is ASD corrective surgery is to elicit factors that might contribute the most to improvement, as a means of optimizing presurgical planning and alignment outcomes. Several authors have developed predictive methods for lumbar lordosis based on positional and morphological spino-pelvic parameters, but models focusing on the cervical spine are scarce. 10, 11 This study developed a model for predicting postoperative cervical alignment and malalignment after ASD correction, incorporating preoperative and surgical factors that could induce these compensatory changes.
MATERIALS AND METHODS

Data Source and Study Design
This study was a retrospective review of a prospectively collected database of adult spinal deformity (ASD) patients from 11 surgical sites around the United States from 2008 to 2014. Institutional Review Board approval was obtained for all participating sites. Included patients were !18 years at the time of enrollment, and met the following radiographic criteria at baseline for ASD diagnosis: scoliosis !208, sagittal vertical axis (SVA) !5 cm, pelvic tilt (PT) !258, or thoracic kyphosis (TK) >608. Patients were excluded from the database if their deformity had a neuromuscular, infectious, or malignant etiology. In this study, analyzed patients were surgical ASD cases with complete preoperative and 2-year follow-up demographic and radiographic data. Collected data included demographic variables (including age, sex, body mass index, and presenting comorbidities), surgical data (including operative time, procedure-related complications, and surgical techniques), and radiographic measures.
Cervical Alignment Classification
Patients in this study were assessed for cervical alignment at 2-year postoperative after surgical ASD correction. Postoperative CA was categorized according to the following radiographic criteria (Figure 1 ): 08 T1S-CL 208, 0 mm C2-C7 SVA 40 mm, or C2-C7 lordosis >08. Three thresholds for analysis were proposed to classify rank of the severity of postoperative cervical alignment: patients were grouped as displaying either good cervical alignment (CA) or poor cervical alignment (nonCA) according to the number of criteria met or missed on 2-year radiographs. CA patients were those in each threshold that met: at most one criteria (T1), at most two criteria (T2), any three criteria (T3). NonCA patients were those leftover in each threshold, which consequently did not meet: at least one criteria (T1), at least two criteria (T2), all three criteria (T3). Alignment categorization is based on a modified version of Passias et al 7, 9 method for describing postoperative cervical deformity in ASD patients with demonstrated effectiveness, wherein patients meeting !2 of the above cervical parameters on 2-year imaging were considered showing ''cervical deformity.''
Radiographic Assessment
Full-length standing antero-posterior and lateral radiographs were obtained at each follow-up interval. Radiographic measurements were obtained using validated radiographic software (SpineView, ENSAM PariTech, Paris, France). 12 The following cervical sagittal radiographic parameters were measured ( Figure 1 ): C1-C2, C2-C7, and C2-T3 lordoses (CL: Cobb angle between lower endplates of the upper and lower vertebrae); sagittal vertical axes (sagittal distance between plumb lines dropped from the center of the superior vertebrae) for C2-C7, C2-T3; C2 slope (angle between the horizontal and lower endplate of C2); mismatch between T1 slope and cervical lordosis (T1S-CL). The following global and spinopelvic parameters were obtained ( Figure 1 ): SVA for C2-S1 and C7-S1; sacral slope (SS: angle between S1 sacral endplate and the horizontal); pelvic tilt (PT: angle between the line drawn from center of the femoral head to the sacral endplate and a vertical); pelvic incidence (PI: angle between the center of the femoral head to the S1 sacral endplate and a horizontal); C2-T1 pelvic angle (CPTA: angle between a line from the center of C2 to the femoral head and the line from the center of T1 to the femoral axis); L1-S1 and T12-S1 lumbar lordoses (LL: Cobb angle between the upper endplates of the selected vertebrae and the S1 sacral endplate).
Statistical Analysis
All statistical analyses were performed using R statistical software version 3.1.3. (www.R-project.org). 13 All baseline demographic, radiographic, and surgical variables were considered initial candidates in the model. Paired and independent t tests compared continuous variables, and x 2 analyses were used to compare categorical factors. Bivariate logistic regressions assessed each factor's predictability of stratifying CA and nonCA cases in each threshold. Multivariate logistic regression models with backward stepwise variable selection and bootstrap resampling identified a dataset-specific prediction model. Differences in preoperative radiographs between nonCA and CA patients in each threshold were controlled in the multivariate models. All variables with P <0.1 from bivariate association were considered for initial inclusion in the multivariate model; only those significant to P <0.05 were retained in the final model. A final model was chosen based on the lowest Akaike information criterion. Odds ratios are reported as (OR [95% CI]). The final model's predictive capacity was quantified by calculating the area under the curve (AUC) and by drawing the receiver operative characteristic. AUC values between 0.90 and 1 indicate excellent predictive discrimination. An AUC <0.75 was regarded as noncontributed. AUC values are reported with the 95% CI interval.
RESULTS
Patient Population
A total of 225 surgical ASD patients with complete baseline and 2-year follow-up data were included for analysis. The mean age was 57.0 AE 14.8 years (range, 18-86 yrs), the mean BMI was 27.1 AE 5.7 kg/m 2 (range, 16.7-46.4 kg/m 2 ), and there were 196 (87%) females (Table 1) .
Pre-and Postoperative Cervical Alignment
CA and nonCA patients in each alignment threshold differed in preoperative sagittal alignment ( Table 2 ). The postoperative nonCA groups of T1, T2, and T3 displayed significantly greater baseline cervical malalignment in all considered parameters, expect for C2-C7 SVA (CA: 34.19 mm vs. nonCA: 46.19 mm, P ¼ 0.065) and C2-T3 SVA (CA: 60.66 mm vs. nonCA: 67.81 mm, P ¼ 0.301) among T3 patients. In addition, all nonCA patients in each threshold experienced significant worsening of cervical alignment from baseline to 2-year postoperative (Table 3) .
T1 Threshold
The two patient groups classified in T1 were: n ¼ 68 (30.2%) CA and n ¼ 157 (69.8%) nonCA. Bivariate logistic regression analysis identified the baseline radiographic and surgical variables shown in Table 4 
T2 Threshold
The two patient groups classified by T2 were: n ¼ 134 (59.6%) CA and n ¼ 91 (40.4%) nonCA. Similarly, the Cervical parameters: C1-C2 and C2-C7 cervical lordosis (CL); slope for C0, C2, T1; C0-C2 CL. Spinopelvic parameters; lumbar lordosis (LL); thoracic kyphosis (TK); pelvic incidence (PI); sacral slope (SS); pelvic tilt (PT); C7-S1 sagittal vertical axis (SVA). Thoracic pelvic angle (TPA); spino-pelvic inclination from T1 (T1SPi) and T9 (T9SPi).
variables shown in Table 4 were first selected from bivariate analyses and then were evaluated in the multivariate model ( Table 5) . The final predictive model selected included the following baseline radiographic and surgical variables (Table 5) : T1S-CL, C2-C7 CL, C2-C7 SVA, C2-T3 CL, C2-T3 SVA, and C2 slope. This model displayed an AUC of 77%.
T3 Threshold
The two patient groups classified in T3 were: n ¼ 208 (92.4%) CA and n ¼ 17 (7.6%) nonCA. The bivariate logistic regression identified the following baseline radiographic and surgical variables as significant predictors of nonCA: C2 Slope, C2-T3, T1S-CL, C2-C7 CL, PT, C2-S1, PI-LL, and number of Smith-Peterson osteotomies (SPO), as shown in Table 4 . When these candidate variables were applied to the bootstrap prediction modeling, increased number of SPOs during index (1.336 [1.694-1.053], P ¼ 0.017) and increased C2-T3 CL (OR ¼ 1.048 [1.083-1.014], P ¼ 0.005) fit into the best prediction model (Table  5) . This model had the highest predictability among all thresholds, with an AUC of 89.22%.
As the model using T3 yielded the best predictive strength, we compared patients demographic of CA and nonCA groups. CA and nonCA patients at 2-years were similar with regard to age (CA: 56.10 vs. nonCA: 55.78 
DISCUSSION
Understanding deviations in postoperative cervical sagittal alignment is at the crux of reaching a more global vision of ASD surgical correction. 8, 14 It is well established that in thoracolumbar deformity patients, upper and lower regional alignment comes into play for compensating alignment, balance, and function. 4, 15, 16 However, robust analyses defining cervical alignment and malalignment remain to be fully proposed in the context of ASD. In establishing more rigid parameters for assessing CA, and viewing CA as a composite entity (via thresholds) rather than based on individual measurements, this study's predictive results prove advantageous for quantifying upper deformity concomitant with global malalignment.
Three thresholds to evaluate CA in our ASD population were proposed. While individual cervical radiographic measurements, such as C2-C7 SVA>4 cm and CL>08, have been correlated with isolated deformity and alignment, deviations from normative ranges retain little value in the context of thoracolumbar sagittal imbalance. 17 The present analysis used previously published definitions for quantifying CA concomitant with thoracolumbar deformities. 7, 9 This more comprehensive definition used factors that have been individually implicated in cervical sagittal alignment and deformity. C2-C7 SVA, a prominent metric for characterizing cervical alignment, has been generally reported in the range of 0 to 40 mm for normal patients. Both Roguski et al and Smith et al considered a C2-C7 SVA >4 cm as indicative of cervical sagittal deformity. 17, 18 In the present study, a C2-C7 SVA >4 cm quantified sagittal cervical malalignment. Cervical lordosis as an adjunct metric is also commonly used to assess cervical alignment, and a range of normative values have been offered in asymptomatic adults. 16, 19 Le Huec et al in 2014 reported a mean CL of 4.898 (AE128), though this result has been supported and found inconsistent with other authors. [20] [21] [22] Protopsaltis et al 23 presented on T1S-CL, acting as a global indicator of cervical deformity as a potential analog to PI-LL. Future research to identify the best possible cervical alignment parameters that also incorporate horizontal gaze and correlate with outcome measures is required, however.
Based on these parameters, threshold 3 (T3) proved most effective for predicting cervical malalignment, with an AUC of 89.22%. T3 had the most stringent measure of CA, incorporating only ASD patients meeting all three criteria Shaded cells are significant to P <0.05. CL indicates cervical lordosis; SVA, sagittal vertical axis; T1S-CL, mismatch between T1 slope and cervical lordosis.
feature that carried through at 2-years after surgery. Our finding that increased baseline C2-T3 CL angle predisposes patients with a thoracolumbar deformity to developing a concomitant postoperative cervical malalignment is not isolated to this study; Passias et al 9 in 2015 defined cervical malalignment in 215 ASD patients, and established correlations between increased C2-T3 CL and postoperative thoracolumbar deformity, as evaluated by SRS-Schwab modifiers. The C2-T3 angle incorporates the cervicothoracic junction morphology, the anatomy of which may influence cervical deformity. 16, 24 Given the results of our study, combined with the biomechanical responsibilities of the cervicothoracic junction as a site of transition between the highly mobile cervical and rigid thoracic systems, more focus on a deformity measurement encompassing this region is required. Moreover, these findings sustain previous reports delineating a ''chain of correlation'' existing between regional alignment components of the spine, including cervical lordosis, thoracic kyphosis, lumbar lordosis, and pelvic incidence and tilt. 16, 25 Effectively, Diebo et al 26 observed increased cervical lordotic recruitment among elderly ASD patients with more severe spinopelvic mismatch (208-308, and >308).
Recent improvement in spinal instrumentations and techniques, notably the use of osteotomies as corrective measures for severe spinal deformities, has permitted restoration of sagittal alignment and balance. [27] [28] [29] The SPO technique for thoracolumbar deformity surgery has been extensively described. 30 While an SPO provides approximately 108 of correction at each level, many reports suggest that it is not the most aggressive and preferred method for obtaining optimal correction. 27, 30, 31 Our finding that increased SPO utilization to treat ASD could predispose patients to postoperative cervical deformity is intriguing in this context. Given that SPOs are considered less aggressive compared with pedicle subtraction osteotomies (PSOs) is it possible that the SPO patients in our series were undercorrected in the thoracolumbar regions and presented with greater initial malalignment in the spino-pelvic regionconsequential changes in the cervical spine then can be justified as continued necessary compensatory measures. Schwab et al 32 arrived at a comparable conclusion regarding PSO efficacy and realignment failures; 18 cases with PSOs displayed failed postoperative realignment, and had larger preoperative SVA, PT, PI, and PI-LL measurements. In our study, nonCA T3 patients similarly displayed greater mean 
Limitations
This study is limited in that it is a retrospective review of a multicenter database, which carries inherent problems of site and surgeon bias and variation. Further, there is continued discrepancy in classifying cervical alignment and deformity among centers, and therefore our model may not be wholly extrapolated to other definitions of cervical deformity. This patient sample incorporated patients with ASD diagnosis, and therefore it will be important to validate this model using a cervical-specific population. Last, this database does not contain full-body imaging, and the assessment of lower limb pathology may be important in the setting of determining cervical alignment.
CONCLUSION
The implementation of a predictive model for baseline and surgical factors engendering postoperative CA and malalignment (nonCA) as a consequence of corrective ASD surgery is at the core of understanding global alignment and operative outcomes. In the model, increased preoperative C2-T3 angle at baseline, and the number of SPOs used in surgery, were significantly associated with developing postoperative poor cervical alignment. This is particularly important given the volume of recent publications driving research into evaluating compensatory mechanisms in specific and global spinal regions.
Key Points
ASD patients were sorted into three radiographic thresholds for postoperative cervical alignment, and categorized as displayed CA or cervical malalignment (nonCA) using the following criter ia: 0-T1S-CL 20-, 0 mm C2-C7 SVA 40 mm, or C2-C7 lordosis>0-. Patients sorted into threshold 3 (T3), indicated most severe postoperative cervical malalignment with concomitant ASD were best predicted in the final predictive model, with an AUC of 89.22%. Increased C2-T3 angle at baseline, and increased use of SPO during index ASD corrective surgery, were identified as predictors of nonCA using T3 in the final predictive model. Included variables are those identified from univariate analysis that, after bootstrapping and stepwise selection, gave the highest predictability (AUC). Ã Frequency with which the variable was selected in the bootstrap stepwise procedure and appeared to predict the outcome in the 1000 bootstrap samples. AIC indicates Akaike information criterion; AUC, area under the curve; CL, cervical lordosis; LL, lumbar lordosis; PI, pelvic incidence; PT, pelvic tilt; SS, sacral slope; SVA, sagittal vertical axis; T1S-CL, mismatch between T1 slope and cervical lordosis.
